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The decay J/ψ → γγφ is studied using a sample of 1.31×109 J/ψ events collected with the BESIII
detector. Two structures around 1475 MeV/c2 and 1835 MeV/c2 are observed in the γφ invariant
mass spectrum for the first time. With a fit on the γφ invariant mass, which takes into account
3the interference between the two structures, and a simple analysis of the angular distribution, the
structure around 1475 MeV/c2 is found to favor an assignment as the η(1475) and the mass and
width for the structure around 1835 MeV/c2 are consistent with the X(1835). The statistical
significances of the two structures are 13.5σ and 6.3σ, respectively. The results indicate that both
η(1475) and X(1835) contain a sizeable ss¯ component.
PACS numbers: 13.20.Gd, 14.40.Be, 14.40.Rt
A puzzling state, the η(1440), was first observed in pp¯
annihilation at rest into η(1440)pi+pi− (η(1440)→ KK¯pi)
[1], and later in J/ψ radiative decays to KK¯pi [2],
γρ [3] and f0(980)pi
0 [4]. Further studies by different
experiments reported evidence for the existence of two
pseudo-scalar mesons in this region, the η(1405) and the
η(1475) [5]. After about 50 years since the first observa-
tion of η(1440), its structure is still an open question. Ac-
cording to theoretical predictions, the η(1475) could be
interpreted as the first radial excitation of the η′ while the
η(1405) is an excellent candidate for a 0−+ glueball in the
fluxtube model [6] (though this assignment of the η(1405)
is not favored by lattice gauge theories, which predict
that the 0−+ glueball should be above 2 GeV/c2 [7, 8]).
However, the existence of two pseudo-scalar mesons in
this region remains controversial. The spectrum could
consist of a single state, the η(1440), that splits due to
nodes in the decay amplitudes, with the η(1440) being
the SU(3) flavor partner of the η(1295) [9–11]. Under
the one-state assumption, the partial width relationship
between its γρ and γφ decay modes is predicted to be
Γγρ : Γγφ ≃ 3.8 : 1 [10].
The X(1835) was first observed by the BESII experi-
ment in the pipiη′ [12] invariant mass spectrum and was
recently confirmed with higher statistical significance by
the BESIII collaboration [13]. It was also observed in
the K0SK
0
Sη invariant mass spectrum by BESIII [14].
Furthermore, a recent BESIII result observes an anoma-
lous line shape of the X(1835) near the pp¯ threshold in
the decay J/ψ → γpi+pi−η′ [15]. The Belle collabora-
tion reported an upper limit on the product Γγγ B(X →
pi+pi−η′) for the X(1835) at the 90% confidence level as
35.6 (83) eV/c2, assuming constructive (destructive) in-
terference between the X(1835) and the η(1475) [16]. As
a state with JPC = 0−+, the nature of theX(1835) is still
an open question, though a number of theoretical inter-
pretations have been proposed, including an NN¯ bound
state [17], baryonium with a sizable gluon content [18],
a pseudo-scalar glueball [19], a radial excitation of the
η′ [20], and an ηc-glueball mixture [19]. So far, none of
these interpretations have been ruled out or confirmed.
Since radiative decays like J/ψ → γX , where X → γV
with V = ρ or φ, do not change the flavor structure of
the intermediate states, the final-state vector mesons V
act as a flavor filter, helping to understand the flavor
contents of the intermediate states X [21]. In this paper,
we present an analysis of the decay J/ψ → γγφ, where
the φ meson is reconstructed in the K+K− final state,
based on a sample of 1.31× 109 J/ψ events [22] collected
with the BESIII detector [23].
The BESIII detector is a magnetic spectrometer op-
erating at the double-ring e+e− collider BEPCII with
center-of-mass energies between 2.0 and 4.6 GeV. The
cylindrical core of the BESIII detector consists of a
helium-based main drift chamber (MDC), a plastic scin-
tillator time-of-flight system (TOF), and a CsI(Tl) elec-
tromagnetic calorimeter (EMC) that are all enclosed in
a superconducting solenoidal magnet providing a mag-
netic field of 1.0 T (0.9 T in 2012, for about 1.09 × 109
J/ψ events). The solenoid is supported by an octagonal
flux-return yoke with resistive plate counter muon iden-
tifier modules interleaved with steel. The acceptance for
charged particles and photons is 93% of the 4pi solid an-
gle, and the charged-particle momentum resolution at 1
GeV/c is about 0.5%. The EMC measures photon ener-
gies with a resolution of 2.5% (5%) at 1 GeV in the barrel
(endcaps). A GEANT4-based [24] Monte Carlo (MC) sim-
ulation software package is used to optimize the event se-
lection criteria, estimate backgrounds and determine the
detection efficiencies.
Charged tracks that have a polar angle | cos θ| < 0.93
and that pass within ±10 cm of the interaction point
along the beam direction and within 1 cm in the plane
perpendicular to the beam are accepted. The combined
information from specific energy loss (dE/dx) measure-
ments in the MDC and the flight time measured in the
TOF is used to form particle identification (PID) confi-
dence levels for the pi, K, and p hypotheses. Each track
is assigned the particle type corresponding to the high-
est confidence level. Photon candidates are required to
have an energy deposition above 25 MeV in the barrel
EMC (| cos θ| < 0.80) or 50 MeV in the endcap EMC
(0.86 < | cos θ| < 0.92). To exclude showers from charged
particles, the angle between the shower direction and the
charged tracks extrapolated to the EMC must be greater
than 10 degrees. A requirement on the EMC timing
(0 ≤ t ≤ 700 ns) is used to suppress electronic noise
and energy deposits unrelated to the event of interest.
For the decay J/ψ → γγφ (φ → K+K−), candidate
events are required to have two oppositely charged tracks
identified as kaons and at least two photons. A kine-
matic fit constraining the total four-momentum to the
initial J/ψ four-momentum (4C-fit) is performed under
the final state hypothesis γγK+K−. In candidate events
with more than two photon candidates, the combination
with the minimum chi-square from the kinematic fit χ24C
4is retained. Only events with χ24C < 40 are accepted. To
reject possible backgrounds with three or four photons in
the final state, similar 4C kinematic fits are performed
under the background hypotheses J/ψ → γγγK+K−
and J/ψ → γγγγK+K−. The events with a χ24C value
for the signal hypothesis larger than any of those for
the background hypotheses are discarded. After apply-
ing the above selection criteria, the distribution of the
K+K− invariant mass M(K+K−) versus the γγ invari-
ant mass M(γγ) of surviving candidate events is shown
in Fig. 1 (a). A clear horizontal band, representing
the φ from the signal decay J/ψ → γγφ, is observed.
There are also three vertical bands representing the two-
photon decays of pi0, η and η′, which are from the back-
grounds of J/ψ → K+K−pi0, K+K−η, and K+K−η′,
respectively. The projections of M(γγ) for the events
in the φ signal region defined as |M(K+K−) −m(φ)| <
0.010 GeV/c2, and in the φ sideband region defined as
0.020 < |M(K+K−)−m(φ)| < 0.030 GeV/c2 are shown
in Fig. 1 (b), individually, where m(φ) is the world av-
erage value for the mass of the φ meson [5]. The much
more prominent η and η′ signals observed in the φ signal
region come from the background processes J/ψ → φη
and φη′, respectively. The Dalitz plot ofM2(γlowK
+K−)
versusM2(γhighK
+K−) for the events in the φ signal re-
gion is shown in Fig. 1 (c), where γlow and γhigh are the
photons with low and high energy, respectively. Beside
the expected diagonal bands for the pi0, η, and η′ signals,
there is a horizontal band with M(γlowK
+K−) around
1.47 GeV/c2 that is of particular interest. To further
suppress the backgrounds discussed above, the require-
ments on the M(γγ) distribution, |M(γγ) − m(pi0)| >
0.03 GeV/c2, M(γγ) < 0.50 GeV/c2 or M(γγ) > 0.58
GeV/c2 and |M(γγ) − m(η′)| > 0.03 GeV/c2, are ap-
plied, where m(pi0) and m(η′) are the nominal masses
of the pi0 and η′ mesons [5], respectively. By applying
this additional requirement, the above backgrounds are
reduced to negligible levels.
After applying all of above selection criteria, the
M(K+K−) distribution is shown in Fig. 2 (a), in which
an obvious φ signal is visible. The distributions of the
γK+K− invariant mass, M(γK+K−), two entries per
event, for the event candidates in the φ signal and side-
band regions are shown in Fig. 2 (b), where two struc-
tures near 1.47 and 1.83 GeV/c2 are clearly seen in both
the φ signal and sideband regions, individually. Possible
backgrounds are studied with a MC sample containing
1.2 × 109 inclusive J/ψ decays, where the decays with
known branching fractions are generated by EVTGEN [25]
and the remaining J/ψ decays are generated according
to the LUNDCHARM [26] model. The background with-
out the φ meson in the final state, which is denoted as
non-φ background thereafter and can be represented with
the candidate events in the φ sideband region, is domi-
nated with the decay of J/ψ → γK+K−pi0, where the
pi0 decays asymmetrically with a low energy photon un-
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Figure 1. (a) Scatter plot of M(K+K−) versus M(γγ). (b)
Projections of M(γγ) for the events in the φ signal region
(dots with error bar) and sideband regions (histogram). (c)
Dalitz plot of M2(γlowK
+K−) versus M2(γhighK
+K−).
detected. The structure around the 1.47 GeV/c2 in the φ
sideband region is originated from the J/ψ radiative de-
cay to η(1405)/η(1475) and f1(1420) with subsequently
decaying to pi0K+K−. The background with φ meson
in the final state, denoted as φ background thereafter,
is dominated by the decay of J/ψ → φpi0pi0, with two
pi0 decaying asymmetrically. The study based on a ded-
icated MC sample, simulated according to amplitude of
J/ψ → φpipi in Ref. [28], indicate no prominent structure
appears on the M(γK+K−) distribution, though abun-
dant structures, e.g. f0(1500) and f0(1710), are on the
pi0pi0 invariant mass distribution.
To determine the signal yields for J/ψ → γγφ, we per-
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Figure 2. (a) Distribution of M(K+K−). The non-φ back-
ground distribution is shown with the shaded histogram. (b)
The M(γK+K−) distribution for candidate events in the φ
signal region (dots with error bars) and φ sideband region
(shaded histogram).
form maximum-likelihood fits to the M(K+K−) distri-
bution in bins ofM(γK+K−), called in the following the
‘bin-by-bin fit’, where two combinations of γK+K− are
considered per event. In the fit, the φ signal is described
by the MC simulated shape convolved with a Gaussian
function to take into account the difference of the resolu-
tions between the data and MC simulation. An ARGUS
function [27] is used to model the non-φ backgrounds. In-
terference effects between the non-φ background and the
φ signal are not considered. The signal yields as a func-
tion of the γφ invariant massM(γφ) are shown in Fig. 3.
Except for the two prominent structures around 1.47 and
1.83 GeV/c2, there is small bump around 1.3 GeV/c2,
which is assumed to be the f1(1285) due to the small
statistics.
A binned least-χ2 fit to the obtained M(γφ) distri-
bution is performed, in which the contribution of three
resonant structures and the background from J/ψ →
φpi0pi0 are included. The direct double radiative decay
J/ψ → γγφ is expected to be very small, and is expected
from MC studies to show a similarM(γφ) distribution as
that of background J/ψ → φpi0pi0; these two background
contributions cannot be distinguished. Thus, the direct
double radiative decay J/ψ → γγφ is not explicitly con-
sidered. In the fit, the resonant structure is described by
a Breit-Wigner function,
BWR(s) =
1
m2R − s− iΓRmR
, (1)
where s denotes the square of M(γφ). The amplitudes
for the f1(1285) and the two structures around 1.47 and
1.83 GeV/c2, are denoted as BW0, BW1, and BW2 there-
after, respectively. The overall probability density func-
tion (PDF) for the three resonant structures incorporat-
ing the effects of mass resolution G(m0, σ(s)) and detec-
tion efficiency ε(s) obtained by the MC simulation is
BWtotal = (BW
2
0 (s) + |A1 ×BW1(s)
+A2 ×BW2(s)× e
iϕ|2)
⊗G(m0, σ(s)) × ε(s),
(2)
where the interference between BW1 and BW2 with a rel-
ative phase ϕ is taken into account, and the interference
between BW0 and BW1 (BW2) is not considered due to
the low statistics of f1(1285). In Eq. 2, A1 and A2 are
the corresponding strengths relative to f1(1285), and are
determined in the fit. In the fit, the mass and width of
f1(1285) are fixed to the world average values [5], while
the masses and widths of BW1 and BW2 are free pa-
rameters. The shape of the background J/ψ → φpi0pi0
is modeled using the distribution obtained from a dedi-
cated MC sample. Since two entries of M(γK+K−) per
event are implemented in the φ signal extraction, a frac-
tion of events have the invariant mass of φ and γ origi-
nated from the J/ψ radiative decays within the fit range
of the M(γφ) spectrum. Thus in the fit on the M(γφ)
distribution, a corresponding term is also included in the
fit by taking the shapes from the signal MC simulation
and constraining the amplitude according to the yields
of three resonances.
Under different assumptions for the interference, two
solutions with equal fit quality are found in the fit. The
resultant fit curves are shown in Figs. 3 (a) and (b), re-
spectively. The statistical significance of each resonance
is determined by the changes of χ2 and degrees of free-
dom (d.o.f) obtained from the fits with and without the
corresponding amplitude of interest included; they are
found to be 13.5σ and 6.3σ for the structures around
1.47 and 1.83 GeV/c2, respectively. The relative phase
between the two structures is 273.3◦± 37.8◦ for the case
of constructive interference (solution I) and 118.6◦±12.0◦
for the case of destructive interference (solution II). The
signal yields for the f1(1285) and the other two reso-
nances around 1.47 and 1.83 GeV/c2 are determined to
be 97 ± 31, 1327 ± 173 and 305 ± 61 for solution I, and
97±31, 1955±285 and 1394±343 for solution II, respec-
tively. The mass and width for the resonance around
1.47 GeV/c2 are determined to be 1477 ± 7 MeV/c2
and 118 ± 22 MeV, respectively, which are consistent
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Figure 3. Fits to the Mγφ distributions (two combinations
per event) for the case of (a) constructive and (b) destructive
interference. The dots with error bars are the data. The
(red) solid, (green) dash double-dotted, dash triple-dotted,
(black) dashed, (blue) dotted and long-dashed lines are the
fit results, the structures around 1.47, 1.83 GeV/c2, f1(1285),
backgrounds and interference contributions, respectively.
with those of the η(1475) taken from PDG [5]. For the
resonance around 1.83 GeV/c2, the obtained mass and
width are 1839± 26 MeV/c2 and 175± 57 MeV, respec-
tively, which are consistent with the measurements of the
X(1835) [14, 15].
The polar angle distribution of the radiative photon
in the J/ψ rest system, cos θγ , is used to investigate the
spin-parity JPC of the two new observed resonances. The
full cos θγ range of [-1, 1] is divided into 19 and 16 bins
for the candidate events within 1.4 < M(γK+K−) <
1.6 GeV/c2 and 1.75 < M(γK+K−) < 1.90 GeV/c2,
respectively. The signal yield in each cos θγ bin is deter-
mined by a fit to the M(K+K−) spectrum as described
above. The obtained cos θγ distributions corrected for
detection efficiency are shown in Fig. 4. For J/ψ radia-
tive decays to a pseudo-scalar meson, cos θγ is distributed
according to (1 + α · cos2 θγ) with α = 1. Three least-
χ2 fits are carried out on the cos θγ distributions under
the assumptions of α = −1, 0, and 1, respectively. As
shown in Fig. 4, the resulting χ2/d.o.f for the resonance
around 1.47 GeV/c2 are 152.0/18, 32.5/18, and 13.8/18
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Figure 4. Fits to the efficiency-corrected cos θγ distribu-
tions for (a) 1.4 < M(γK + K−) < 1.6 GeV/c2 and (b)
1.75 < M(γK + K−) < 1.9 GeV/c2. The dots with error
bars represent data. The solid (pink), dashed (green) and
dotted (blue) lines correspond to the hypotheses α = 1, 0 and
−1, respectively.
for α = −1, 0, and 1, respectively, which favor α = 1 and
a JPC = 0−+ assignment for this structure corresponding
to η(1475). For the resonance around 1.83 GeV/c2, the
resulting χ2/d.o.f. are 55.8/15, 15.1/15, and 7.2/15 for
α = −1, 0, and 1, respectively, which favors α = 1 and an
assignment of JPC = 0−+ for the X(1835) assumption.
Alternative fits are performed that include an addi-
tional f1(1420) or η(1760) with mass and width fixed to
the PDG values [5]. They result in a statistical signifi-
cance of less than 1.0σ for f1(1420) and η(1760), respec-
tively. The statistical significance of the mass difference
for the resonance around 1.47 GeV/c2 between the fit
result and the world average value of the η(1475) [5] is
calculated as χ2fix − χ
2
free = 0.01 corresponding to less
than 0.1σ. Here, χ2fix and χ
2
free are the chi-squared val-
ues of the fits with the mass fixed at the world average
value of the η(1475) and left free, respectively. The sta-
tistical significance of the mass difference between the fit
result and the world average value of the η(1405) [5] is
5.8σ. The statistical significances of mass difference for
the resonance around 1.83 GeV/c2 between the fit result
and those in Refs. [13, 15] are both less than 1.0σ.
7The branching fractions of J/ψ → γX → γγφ are
calculated as
B(J/ψ → γX → γγφ) =
Nobs
NJ/ψεB(φ→ K+K−)
, (3)
whereX is η(1475) orX(1835), Nobs is the number of ob-
served signal events determined from the fit to theM(γφ)
spectrum, NJ/ψ is the total number of J/ψ events, and
ε is the MC-determined detection efficiency which take
into account the angular distribution. B(φ→ K+K−) is
the branching fraction of φ → K+K− quoted from the
PDG [5].
The systematic uncertainties associate with the fit pro-
cedure arise from the fit range, signal shape and the non-
resonant background contribution. The uncertainty from
the φ signal extraction is estimated by changing the φ fit
regions in each M(γK+K−) bins. The difference in the
γφ distributions is considered to be the systematic un-
certainty. In the nominal fit, the shapes of the η(1475)
and X(1835) are described by Eq. (1). To estimate the
uncertainties associated with the signal shape, we per-
form an alternate fit by replacing the signal shapes with
s-dependent Breit-Wigner functions. To estimate the un-
certainties associated with the constraining, another fit
without the constraing is performed, the difference be-
tween the two fits is considered to be the systematic un-
certainty. The bin size is changed from 35.00 to 33.75 and
36.35 MeV/c2 and the maximum difference between the
signal yields and the nominal values is taken as the sys-
tematic uncertainty. To estimate the uncertainties asso-
ciated with the φ background, the directly double radia-
tive decay J/ψ → γγφ is considered with MC simulated
shape.
The systematic uncertainties on the branching fraction
measurements are also subject to the uncertainties in the
total number of J/ψ [22] events, the relevant branching
fraction B(φ → K+K−) from the PDG [5], kaon track-
ing, kaon PID, photon detection, the kinematic fit, and
the vetoes of pi0, η, and η′. The systematic uncertainties
associated with the 5C kinematic fit are studied with the
track helix parameter correction method, as described in
Ref. [29]. To estimate the uncertainties associated with
the vetoes of pi0, η, and η′, the gaussian functions are used
to smear the φpi0, φη and φη′ MC simulated shapes to get
a better consistent with data. The signals are smeared
with the same parameters, and the difference between
the smeared and unsmeared efficiencies are considered to
be the systematic uncertainties.
Assuming all sources to be independent, the total sys-
tematic uncertainties on the product branching fractions
of the η(1475) and X(1835) are determined by combining
all the individual ones in quadrature. The total system-
atic uncertainty on the product branching fraction of the
η(1475) is determined to be 12.9% and 14.9% for solu-
tion I and solution II, respectively. And it is determined
to be 14.2% and 16.8% for the two solutions of X(1835).
The systematic uncertainties on the mass and width of
the η(1475) and X(1835) are estimated with a similar
method.
Table I lists the measured results. The first uncertain-
ties are statistical, and the second are systematic. Since
both combinations of γφ are considered for each event
without accounting for the associated statistical correla-
tions, the uncertainties may be overestimated. Although
the significance of f1(1285) → γφ is less than 5σ, the
systematic uncertainty on its branching fraction is also
estimated, and the result is shown in Table I.
Table I. Mass, width, and B(J/ψ → γX → γγφ) of each com-
ponent in the two solutions (I) and (II). The first uncertainties
are statistical and the second ones are systematic.
Solution Resonance mR (MeV/c
2) Γ (MeV) B (10−6)
η(1475) 1477± 7± 13 118± 22± 17 7.03 ± 0.92± 0.91
X(1835) 1839 ± 26± 26 175± 57± 25 1.77 ± 0.35± 0.25
η(1475) 1477± 7± 13 118± 22± 17 10.36 ± 1.51 ± 1.54
X(1835) 1839 ± 26± 26 175± 57± 25 8.09 ± 1.99± 1.36
In summary, based on a sample of 1.31×109 J/ψ events
collected with the BESIII detector, we perform an anal-
ysis of the decay J/ψ → γγφ. Two structures around
1.47 and 1.85 GeV/c2 are observed in the γφ invariant
mass. A fit on the γφ invariant mass yields the reso-
nant parameters and the decay branching fraction for
the new observed structures as summarized in Table I,
and have statistical systematics of 13.5σ and 6.3σ for the
structures around 1.47 and 1.85 GeV/c2, respectively. A
fit on the polar angle distribution of the radiative pho-
ton favor JPC = 0−+ assignment for the two resonances.
The obtained resonant parameters and JPC supports the
two new observed resonances are η(1475) and X(1835),
respectively, and this is for the first time we observed
η(1475) and X(1835) decaying into γφ final states.
The partial width ratio of (Γ(η(1405/1475) → γρ) :
Γ(η(1405/1475)→ γφ)) is calculated to be (11.10±3.50) :
1 for the case of destructive interference and (7.53±2.49) :
1 for constructive interference, where the branching frac-
tion of J/ψ → γη(1405/1475) → γγρ is taken from the
BES measurement [3]. The ratio is slightly larger than
the prediction of 3.8 : 1 in Ref. [10] for the case of a single
pseudo-scalar state. On the other hand, if the η(1405)
and the η(1475) are different states, the observation of
the η(1475) decaying into γφ final state suggests that
the η(1475) contains a sizable ss¯ component and, if so,
should be the radial excitation of the η′ [6]. The observa-
tion of the X(1835) decaying into γφ final state indicates
that this resonance also contains a sizable ss¯ component.
It seems therefore unlikely to be a pure NN¯ bound state.
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